The retina's photoreceptor cells adjust their sensitivity to allow photons to be transduced over a wide range of light intensities. One mechanism thought to participate in sensitivity adjustments is Ca 2؉ regulation of guanylate cyclase (GC) by guanylate cyclaseactivating proteins (GCAPs). We evaluated the contribution of GCAPs to sensitivity regulation in rods by disrupting their expression in transgenic mice. The GC activity from GCAPs؊͞؊ retinas showed no Ca 2؉ dependence, indicating that Ca 2؉ regulation of GCs had indeed been abolished. Flash responses from darkadapted GCAPs؊͞؊ rods were larger and slower than responses from wild-type rods. In addition, the incremental flash sensitivity of GCAPs؊͞؊ rods failed to be maintained at wild-type levels in bright steady light. GCAP2 expressed in GCAPs؊͞؊ rods restored maximal light-induced GC activity but did not restore normal flash response kinetics. We conclude that GCAPs strongly regulate GC activity in mouse rods, decreasing the flash sensitivity in darkness and increasing the incremental flash sensitivity in bright steady light, thereby extending the rod's operating range.
T he photosensitivity of vertebrate rod photoreceptors changes adaptively in accord with the level of background illumination. Multiple Ca 2ϩ feedback mechanisms, including those that regulate phosphodiesterase (PDE) activity, the activity of guanylate cyclases (GCs), and the ligand affinity of the cGMP-gated channel, are thought to contribute to photosensitivity control (reviewed in refs. 1 and 2). The separate contributions of each of these calcium-dependent processes have been inferred from previous studies on dialyzed rods (3) (4) (5) (6) . The purpose of this work is to investigate the specific contribution of one of these mechanisms, the Ca 2ϩ regulation of GCs, to the control of photosensitivity in intact functioning rods.
The proteins that confer Ca 2ϩ sensitivity to GCs, GCactivating proteins (GCAPs) have been identified and cloned: GCAP1, GCAP2, and GCAP3 (7) (8) (9) (10) . GCAP1 and GCAP2 are expressed in mouse rods, whereas GCAP3 has not been detected in rodents (10, 11) . GCAPs inhibit GC when Ca 2ϩ levels are high and activate GC when Ca 2ϩ levels are low, modulating GC activity 5-to 20-fold over the physiological range of [Ca 2ϩ ] (reviewed in ref. 12 ). Both GCAP1 and GCAP2 possess three high-affinity EF hand motifs that bind Ca 2ϩ and appear to have similar Ca 2ϩ dependence and cooperativity for GC activation by Ca 2ϩ (7, 9, 13) . Two distinct GCAP-regulated GCs, GC1 and GC2, have been identified in rod cells. In vitro, GCAP1 activates GC1 more efficiently than GC2 (10, 14) , whereas GCAP2 activates both GC1 and GC2 with similar efficiency (15) (16) (17) . The functional significance of multiple GCAPs remains unknown.
To examine the specific contribution of Ca 2ϩ regulation of GCs to the control of photosensitivity, we disrupted the expression of GCAP1 and GCAP2 using gene-targeting techniques in mice. The removal of GCAPs abolished Ca 2ϩ feedback to GCs but had little effect on the expression of other genes or retinal morphology. Observing the effects of this perturbation on the light response of intact rods allowed us to determine the specific effect of Ca 2ϩ regulation of GCs in sensitivity control. We show that Ca 2ϩ feedback to the cyclase strongly regulates the rod's flash sensitivity under both dark-and light-adapted conditions. In addition, our results suggest that GCAP1 and GCAP2 may make distinct contributions to the regulation of GC in wild-type rods.
Methods
Generation of GCAPs؊͞؊ Mice. Care of experimental animals conformed to procedures approved by the University of Southern California and Stanford University Animal Care Committees. Genomic DNA fragments were obtained from the GCAP clones MG2 and MG3 derived from a 129SVJ mouse genomic library (11) . The targeting construct consisted of a 7.8-kb NotI-XbaI fragment from GCAP2, a 2.0-kb PGK Neo-lox cassette (18) , and a 2.3-kb XbaI-NotI fragment from intron 1 of GCAP1, assembled in pBluescript II SK (Stratagene). The construct was electroporated into CJ7 embryonic stem (ES) cells derived from 129SV mice. G418-resistant ES cell clones were expanded and analyzed by Southern hybridization. Clones that had undergone homologous recombination were injected into C57BL͞6 blastocysts. High degree (Ͼ95%) male chimeras were bred to C57BL͞6 females to obtain GCAPsϩ͞Ϫ heterozygous mutants and subsequent GCAPsϪ͞Ϫ mice.
Generation of Transgenic Mice Expressing Bovine GCAP2. An expression vector was obtained by assembling the 4.4-kb KpnI͞XhoI mouse opsin promoter (19) , the 0.7-kb EcoRI͞BamHI bovine GCAP2 cDNA (9) , and a 0.6-kb BamHI͞XbaI fragment containing the mouse protamine 1 polyadenylation sequence, into pBluescript II SK. The resulting fusion gene, 5.7 kb in size, was microinjected into the pronuclei of C57BL6͞J ϫ DBA͞2J F1 hybrid mouse embryos. Bovine GCAP2 was immunolocalized in retinas from GCAPsϪ͞Ϫ GCAP2ϩ mice with polyclonal Ab UW50, as previously described (11) . GCAP2 standards for immunoblot analysis were obtained by expressing bovine and murine GCAP2 cDNAs in BL21(DE3) Escherichia coli. Both cDNAs were cloned in the NdeI and BamHI sites of the pET-15b vector (Novagen). His-tagged proteins were purified under denaturing conditions by Ni 2ϩ -NTA affinity chromatography.
Guanylate Cyclase Activity Assays. For GC activity assays using retinal homogenates, four retinas from dark-adapted mice of each genotype were dissected under infrared illumination, pooled, and homogenized in 2ϫ assay buffer. GC assays were performed as described (20) , except that free [Ca 2ϩ ] in the reaction was set by addition of EGTA to a final concentration of 0.4 mM (for ''low Ca 2ϩ '' conditions), or CaCl 2 to 2 M (for ''high Ca 2ϩ '' conditions). GC assays were performed under infrared illumination. For measurement of GC activity in rod outer segment (ROS) extracts, crude preparations of ROS were obtained under dim red light, and GC activity was assayed as previously described (21) . Results are averaged from three independent experiments, performed at least in duplicate. Error bars indicate standard error.
Electrophysiology. All animals for electrophysiology were housed in 12 h cyclic light and dark-adapted at least 15 h before use. Small pieces of retinas were perfused with bicarbonate-buffered Locke's solution (112.5 mM NaCl͞3.6 mM KCl͞2.4 mM MgCl 2 ͞ 1.2 mM CaCl 2 ͞10 mM Hepes͞0.02 mM EDTA͞20 mM NaHCO 3 ͞10 mM glucose) with 2 mM Na 2 succinate, 0.5 mM Na glutamate and 0.1% vitamin and amino acid supplement (Sigma), gassed with 95% O 2 ͞5% CO 2 and heated to 35-37°C (pH 7.4). Individual rods were drawn into a suction electrode containing 140 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl 2 , 1.2 mM CaCl 2 , 3 mM Hepes, 0.02 mM EDTA, and 10 mM glucose (pH 7.4). Brief flashes (10 ms) of 500-nm light of calibrated intensity were used for stimulation in darkness or in the presence of continuous 520-nm light of calibrated intensity. Single-cell recording procedures were done as described (22) .
The form of the single photon response was estimated by squaring the mean response to a series of at least 30 dim flashes of fixed strength. The squared mean response was then scaled so that the initial rising phase coincided with that of the time-dependent ensemble variance. The scaling factor that brings the squared mean response into alignment with the variance at early times is an estimate of 1͞n, where n is the mean number of photoisomerizations per flash (23). The mean response was then divided by n to yield the estimated mean response to a single photoisomerization.
A dim flash response is defined as a response whose amplitude does not exceed 20% of the maximal response amplitude, the upper limit of the linear range. The integration time of the dim flash response was determined by dividing the time integral of the mean response by the peak amplitude (24) . In GCAP2ϩ cells that displayed undershoots, integration was stopped at the onset of the undershoot. The time that a bright flash response remained in saturation was taken as the interval between the midpoint of the flash and the point at which the current recovered to 10% of its dark value.
To determine the incremental flash sensitivity during light adaptation, the cell was illuminated with a steady background light (520 nm) of known intensity. After the cell's membrane current had reached a steady value, which typically required about 1 minute, a series of brief flashes (10 ms) that evoked just-detectable incremental responses was then delivered on top of the steady background. The amplitude of the mean flash response was divided by the flash strength to calculate the flash sensitivity. The dark-adapted flash sensitivity and dark current were redetermined between each new steady light intensity. The relative flash sensitivity (S F ͞S F D ) was calculated by dividing the flash sensitivity in steady light by the dark-adapted flash sensitivity. Background intensities for each cell were scaled so that the cell's I o value coincided with the mean Io value for the population (see values given in Table 1 ). The bold trace in Fig. 6 was drawn according to the WeberFechner relation.
where I is the background light intensity, and I o B is the background intensity that decreased the incremental flash sensitivity to one-half its dark value. Assuming flash sensitivity (S F ) decreases exponentially with increasing background light intensity, the thin trace in 
The time constant of the decline in the electrogenic Na ϩ ͞ Ca 2ϩ , K ϩ exchange current was measured by fitting a single exponential to the slow secondary rise of the mean response to 5-15 bright flashes of fixed strength that each held the cell in saturation for a minimum of 0.5 s. In many cells, the time constant could not be accurately determined because the exchange current was too small. In some experiments, 1 mM CsCl was included in the external solution to block an early positivegoing notch that can obscure the exchange current (26) .
Results
Specific Targeting of GCAP1 and GCAP2 Expression. The genomic organization of GCAP1 and GCAP2, arranged in a tail-to-tail array on mouse chromosome 17 (11) , made it possible to target the expression of both genes with a single replacement vector ( Fig. 1A ; see Methods). Disruption of the GCAP1 and GCAP2 genes with this vector resulted in 50% reduction of expression of GCAP1 and GCAP2 in ϩ͞Ϫ mice and a complete loss of expression in Ϫ͞Ϫ retinas (Fig. 1C ). There were no detectable changes in the expression levels of other proteins directly involved in cGMP turnover, such as GC1, GC2, and PDE subunits (Fig. 1C) . Similarly, there were no detectable changes in the expression level of rhodopsin, transducin, rhodopsin kinase, arrestin, recoverin, or RGS9 (data not shown). Expression analysis with DNA chips that interrogated Ϸ11,000 murine genes and expressed sequence tags (Mu11K set, Affymetrix, Santa Clara, CA) revealed minimal differences in the expression of mRNAs for other photoreceptor proteins (Yanxiang Cao and Lubert Stryer, personal communication). Light microscopy revealed that the retinal morphologies of GCAPsϪ͞Ϫ and wildtype mice were indistinguishable for the first 8 months of age (data not shown).
GCAP2 Expression in GCAPs ؊͞؊
Mice. To examine the specific contribution of GCAP2 to the Ca 2ϩ modulation of GCs, we generated a transgenic line in which bovine GCAP2 was expressed under the control of the mouse opsin promoter (19) . The expression level of heterologous GCAP2 was determined from an immunoblot in which serial dilutions of a retinal extract from a transgenepositive mouse were compared with known amounts of recombinant bovine and murine GCAP2 ( Fig. 2A) . Expression of the bovine GCAP2 transgene in this line was estimated to be 2-fold higher than that of endogenous GCAP2. Mice expressing the transgene were bred to GCAPsϪ͞Ϫ to establish the GCAPsϪ͞Ϫ GCAP2ϩ line. The expression level of the transgene was maintained in this new line (data not shown). The normal pattern of localization of GCAP2 was confirmed by indirect immunofluorescent labeling of GCAP2 in GCAPsϪ͞Ϫ GCAP2ϩ retinal sections (Fig. 2B ).
Ca 2؉ Dependence of GC Activity in GCAPs؊͞؊ Mice. To study how the absence of GCAP1 and GCAP2 affected the Ca 2ϩ dependence of GC activity, we carried out in vitro assays of GC activity in retinal homogenates from GCAPsϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ retinas under low (Յ50 nM) and high
] conditions (Fig. 3A) . Whole retinal homogenates, rather than ROS preparations, were used in this assay to prevent any loss of GCAPs or other soluble factors that might occur during ROS isolation. In wild-type (ϩ͞ϩ) homogenates, the GC activity was 8-fold higher at low [Ca 2ϩ ] than at high [Ca 2ϩ ] (Fig. 3A) . This stimulation of GC activity at low [Ca 2ϩ ] was completely absent in the GCAPsϪ͞Ϫ homogenates. Furthermore, the Ca 2ϩ -dependent GC activity was absent in GCAPsϪ͞Ϫ ROS extracts throughout the entire physiological range of [Ca 2ϩ ] (Fig. 3B Left) . These results demonstrate that removing GCAP1 and GCAP2 effectively abolished Ca 2ϩ regulation of retinal GCs. Addition of exogenous recombinant GCAP1 restored the Ca 2ϩ -sensitive GC activity to similar levels in GCAPsϪ͞Ϫ and GCAPsϩ͞ϩ ROS extracts, indicating that the quantity of GC was similar in both samples (Fig. 3B Right) . Expression of GCAP2 alone, in 2-fold excess of the endogenous GCAP2 level, fully restored Ca 2ϩ dependence to GC activity as measured by in vitro GC assays on retinal homogenates (Fig. 3A) . These results suggest that GCAP1 and GCAP2 entirely account for Ca 2ϩ regulation of GC in mouse retinas, and that other recently characterized GC-regulatory proteins, such as GCIP in frog (27) and GCAP3 in higher vertebrates (10), are not expressed or cannot compensate for the absence of GCAP1 and GCAP2 in mouse photoreceptors.
Effect of GCAPs Deletion on Dark-Adapted Flash Responses.
To assess the physiological functions of GCAPs, we examined the flash responses of wild-type and GCAPsϪ͞Ϫ rods (Fig. 4) . The mean maximal response amplitude, which reflects the size of the inward current in darkness, was slightly higher in GCAPsϪ͞Ϫ than in wild-type rods, but the difference was not statistically significant (t test, P ϭ 0.3; Table 1 ). Assuming that GCAPsϪ͞Ϫ and wild-type rods have the same complement of cGMP-gated channels with the same sensitivity for cGMP, this result suggests that the dark [cGMP] is similar in GCAPsϪ͞Ϫ and wild-type rods. Assuming that the dark PDE activity is the same in wild-type and GCAPsϪ͞Ϫ rods, this in turn implies that both wild-type and GCAPs Ϫ͞Ϫ rods have similar dark (basal) levels of GC activity.
Rods that did not express GCAPs were much more sensitive to light than wild-type rods. Dim flash responses from GCAPsϪ͞Ϫ rose for a longer time and to a larger peak amplitude than wild-type responses (Fig. 4 A and B ; Table 1 ). The mean single photon 2) and compared with the indicated amounts of bovine and murine recombinant His-tagged GCAP2 (lanes 3 to 10). Proteins were detected with polyclonal antibody p24⌬N. The amount of bGCAP2 and mGCAP2 in lane 1 were estimated to be 39 and 19 ng, respectively, from the standards calibration curves (Right, EAGLESIGHT software, Stratagene). Heterologous GCAP2 concentration in this transgenic line was therefore determined to be 2-fold higher than that of endogenous GCAP2. (B) Immunolocalization of bGCAP2 in the GCAPsϪ͞Ϫ GCAP2ϩ retina. GCAP2 staining was detected in the outer plexiform, outer nuclear, inner segment (is) and outer segment (os) layers of the retina in wild-type (Left), and GCAPsϪ͞Ϫ GCAP2ϩ (right) mice. No staining was observed in the retina of GCAPsϪ͞Ϫ mice (Center).
response amplitude in GCAPsϪ͞Ϫ was nearly five times larger than that of wild-type rods ( Fig. 5A ; Table 1 ). The flash sensitivity, which is defined as the peak amplitude of the linear response divided by the strength of the flash (24), was about six times higher in GCAPsϪ͞Ϫ rods (Table 1) . Likewise, the flash strength required to elicit a half-maximal response (I o ) was about 8-fold lower in the GCAPsϪ͞Ϫ rods (Table 1 ; see Methods). These results indicate that Ca 2ϩ feedback to GC via GCAP1 and͞or GCAP2 potently reduced the flash sensitivity of dark-adapted wild-type rods but had little effect on the size of the dark current.
The absence of GCAPs also slowed the time course of the dim flash response ( Fig. 5A; Table 1 ). Thus, the integration time of responses of GCAPsϪ͞Ϫ rods was 2.5-fold longer than that of wild-type rod responses. In addition, GCAPsϪ͞Ϫ responses from all cells examined (n ϭ 42) displayed broad rounded peaks lacking the rapid phase of recovery that typically follows the peak in responses of wild-type mouse rods (compare Fig. 4 B to  A) . This phase of recovery in the responses of wild-type mouse rods is caused by one or more Ca 2ϩ feedback mechanisms, because it can be slowed or abolished by incorporation of the Ca 2ϩ buffer BAPTA (28) . The lack of this phase in the recovery of GCAPsϪ͞Ϫ responses indicates that the rapid initial phase of recovery results from Ca 2ϩ feedback to GC. Together, these results show that Ca 2ϩ feedback to GCs significantly shortened the dark-adapted flash response in wild-type rods.
Heterozygous knockout rods that expressed roughly half the normal levels of GCAP1 and GCAP2 (GCAPsϩ͞Ϫ) had flash sensitivities and response kinetics between those of knockout and wild-type rods (Fig. 4D and Fig. 5A ; Table 1 ). Thus, GCAPs expressed at subnormal levels could not support normal Ca 2ϩ regulation of GC during the dim flash response.
Differential Effects of GCAP2 on Responses to Dim and Saturating
Flashes. To test whether GCAP2 alone could mediate normal Ca 2ϩ feedback to GC in intact rods, we recorded flash responses from GCAPsϪ͞Ϫ GCAP2ϩ rods. The flash responses of these rods were unusually variable from cell to cell, suggesting variable GCAP2 expression between cells. Consistent with this interpretation, the rate of the decline of the Na ϩ ͞Ca
2ϩ
, K ϩ exchange current after a bright flash varied widely from cell to cell (Fig.  5B) . The rate of decline of the exchange current depends on the total Ca 2ϩ buffering capacity of the rod, which in turn should vary with the expression level of GCAP2. In general, cells whose exchange current time constant was the same or longer than that of wild-type rods had dark flash sensitivities that were nearly normal. Cells with briefer exchange transients had higher flash sensitivities comparable to those of GCAPsϪ͞Ϫ, suggesting that GCAP2 expression in these cells was low (Fig. 5B) .
The rapid initial decline after the peak of wild-type rod responses was not observed in any of the GCAPsϪ͞Ϫ GCAP2ϩ rods (n ϭ 20), even in cells that had approximately normal Na ϩ ͞Ca 2ϩ , K ϩ exchange time constants. Instead, all GCAPsϪ͞Ϫ GCAP2ϩ rods (n ϭ 20) displayed the broad rounded response peak characteristic of responses of GCAPsϪ͞Ϫ and GCAPsϩ͞Ϫ rods (see Fig. 4 ). Apparently GCAP2 alone was not sufficient to mediate the rapid feedback to GC that accounts for the initial rapid decline of the normal flash response. In addition, in some GCAPsϪ͞Ϫ GCAP2ϩ cells (n ϭ 4), the recovery of the flash response ended in a prominent undershoot resembling that observed in rods loaded with exogenous Ca 2ϩ buffers (29, 30) and in mouse rods that do not express GC1 (31) . The undershoot will occur when activation of the cyclase is delayed relative to the fall of the light-evoked PDE activity and is consistent with a delayed activation of GC by GCAP2 (see Discussion).
After a bright flash, the responses of GCAPsϪ͞Ϫ GCAP2ϩ rods remained in saturation for times that were more variable from cell to cell than the responses of wild-type or GCAPsϪ͞Ϫ rods, again consistent with variable expression of GCAP2 in different cells. However, on average, saturating responses from GCAPsϪ͞Ϫ GCAP2ϩ rods were very similar to those of wild-type rods (e.g., Fig. 5C ) at all flash strengths examined. Because the time at which a rod comes out of saturation is determined by the maximal cyclase activity (as well as the light-triggered PDE activity), the similarity of wild-type and GCAPsϪ͞ϪGCAP2ϩ responses to saturating flashes indicates that GCAP2 alone was capable of producing maximal GC activation.
Effect of GCAPs Deletion on Flash Sensitivity During Light Adaptation.
To assess the contribution of GCAPs to light adaptation, we measured the flash sensitivities of wild-type and GCAPsϪ͞Ϫ rods in the presence of background lights of varying intensities (see Methods). In wild-type rods, the incremental flash sensitivity decreases with increasing background light intensity as described by the Weber-Fechner relation (Fig. 6, filled symbols) . In rods lacking GCAPs, the incremental flash sensitivity began to fall at lower background intensities and then proceeded to decline much more rapidly as the background intensity increased (Fig. 6, open symbols) . The incremental flash sensitivity of GCAPsϪ͞Ϫ rods fell to one-half the dark value at a background intensity of 70 photons͞ m 2 ⅐s, compared with a value of 159 photons͞m 2 ⅐s in wild-type rods. At brighter background intensities, the difference between GCAPsϪ͞Ϫ and wild-type rods became still more pronounced. In GCAPsϪ͞Ϫ rods, the incremental flash sensitivity fell to 1% of the dark-adapted level when the background intensity was 800 photons͞m 2 ⅐s, whereas more than 13,000 photons͞m 2 ⅐s was required for a comparable sensitivity reduction in wild-type rods (Fig. 6) . Thus, although Ca 2ϩ -dependent activation of GC by GCAPs reduced the dark-adapted flash sensitivity of wild-type rods, it served to increase the incremental flash sensitivity in the presence of bright steady light by restoring current to rods that would otherwise have saturated (e.g., ref.
1).
If adaptation were completely absent in GCAPsϪ͞Ϫ rods, the incremental flash sensitivity would decline exponentially with increasing background intensity, as the superposition of elementary excitations saturated the cell's steady response (32) . Using the average properties of dark-adapted responses from GCAPsϪ͞Ϫ rods (Table 1) , we estimated the theoretical dependence of the incremental flash sensitivity on background intensity for a GCAPsϪ͞Ϫ rod lacking any adaptation to background light (Fig.  6 , thin trace; see Methods). In the absence of adaptation, one would expect the relative flash sensitivity to decrease to 1% of the dark value at a background intensity of about 70 photons͞m 2 ⅐s. The difference between the experimental results and this simple theory indicates that other adaptational mechanism(s) extend the operating range by about one order of magnitude in GCAPsϪ͞Ϫ rods. In wild-type rods, the Ca 2ϩ regulation of GC extends the operating range by an additional order of magnitude.
Discussion
Disruption of the GCAP1 and GCAP2 gene array resulted in a complete loss of expression of both GCAPs (Fig. 1 ) and a loss of any detectable Ca 2ϩ -dependent GC activity (Fig. 3) in ROS or in whole retinal homogenates. We could thus directly examine the functions of Ca 2ϩ -regulated GC activity in intact functioning rods. We have found that Ca 2ϩ feedback to GCs plays a key role in setting the flash sensitivity in the dark-and light-adapted states. In addition, our experiments suggest that GCAP1 and GCAP2 may subserve different specific functions in mouse rods.
Basal GC Activity in Rods Lacking GCAP Expression. Removal of GCAPs had little effect on the size of the inward current in darkness. This result suggests that the [cGMP] and thus the basal GC activity were similar in wild-type and GCAPsϪ͞Ϫ rods. In contrast, rods overexpressing GCAP2 had slightly smaller dark The time constant of Na ϩ ͞Ca 2ϩ , K ϩ exchange in this GCAPsϪ͞Ϫ GCAP2ϩ rod was slightly longer than that of wild-type rods (100.2 ms; see Fig. 5C ), suggesting there was overexpression of GCAP2 in this rod. currents than wild-type rods (t test, P ϭ 0.03; Table 1 ). Biochemical studies suggest that the GC activity in the presence or absence of GCAPs is similar at free [Ca 2ϩ ] of about 1 M for GCAP1 (33, 34) and 400 nM for GCAP2 (17, 34 ] of about 500 nM, GCAP1 would be expected to slightly activate GC1 and GCAP2 to slightly inhibit both GCs.
GCAP2 Alone Did Not Restore Normal Ca 2؉ Regulation of GC in Mouse
Rods. To approach the functional significance of multiple GCAPs in vivo, we selectively expressed GCAP2 in GCAPsϪ͞Ϫ rods. This did not restore normal response kinetics. The increased amplitude, broad response peak, and occasional undershoots in GCAPsϪ͞Ϫ GCAP2ϩ rod responses resemble similar features of flash responses of rods lacking GC1 (31) , in which the most likely functional pair is GC2-GCAP2. However, the average maximal cyclase activation in GCAPsϪ͞Ϫ GCAP2ϩ rods was indistinguishable from that in wild-type rods, indicating that GCAP2 expression was sufficient to maximally activate GCs, given a larger or a longer lasting change in intracellular free [Ca 2ϩ ]. The implication that GCAP1 may be essential for rapid Ca 2ϩ regulation of GCs in wild-type mouse rods needs to be confirmed by further experiments.
GCAP Regulation of GCs: A Powerful Determinant of the Rod's Flash
Sensitivity. Flash responses from GCAPsϪ͞Ϫ were larger and slower than those of wild-type rods. These changes resemble those observed in previous experiments that slowed the rate of change of intracellular free Ca 2ϩ (35) (36) (37) . Our results also seem consistent with results of Gorczyca et al. (7) , who found that dialyzing GCAP1 into lizard ROS lowered the amplitude and speeded the recovery of the dim flash response.
Loss of GCAPs resulted in a 5-fold increase in the single photon response amplitude. In contrast, preventing rhodopsin phosphorylation produces a long-lasting single photon response about 2-to 3-fold larger than normal (22, 38) . This indicates that the amplitude of the response generated by nonphosphorylated rhodopsin is not limited by local saturation (e.g., depletion of PDE molecules available for activation, or complete local closure of the channels) but instead by activation of GCs by GCAPs. Ca 2ϩ feedback via GCAPs is also required for proper adjustment of the rod's flash sensitivity in the presence of steady light (refs. 26, 36 ; reviewed in ref. 2) . Previous studies on truncated salamander rods suggested that Ca 2ϩ regulation of GC decreased flash sensitivity primarily in darkness and dim light (3, 6) . Indeed, our experiments on GCAPsϪ͞Ϫ rods directly support the conclusion that Ca 2ϩ feedback to GC decreases the flash sensitivity in darkness. Ca 2ϩ feedback to GC appears to be even more important in increasing the incremental flash sensitivity in the presence of bright steady light.
The light intensity at which GCAPsϪ͞Ϫ rods failed to generate detectable incremental flash responses was about an order of magnitude greater than that predicted by the exponential saturation model and about an order of magnitude less than that observed in wild-type rods (Fig. 6) . Thus, the combined contribution of all of the other adaptational mechanisms operating in GCAPsϪ͞Ϫ rods [which would presumably include the Ca 2ϩ -dependent adaptation of PDE activity, the increase in steady-state PDE activity (1, 25) and the Ca 2ϩ -dependent change in the channel's sensitivity for cGMP (39) ] accounts for about one decade of extension of the rod's operating range in background light. The other decade is mediated by GCAPs. In contrast, the principal mechanism underlying odorant adaptation in olfactory neurons involves Ca 2ϩ feedback regulation of the sensitivity of cAMP-gated channels via calmodulin (40) . The difference in the principal Ca 2ϩ feedback target in these two sensory cells serves as a reminder that the specific mechanisms regulating G protein signaling need to be evaluated separately in each system encountered.
